Membrane proteins of intact human erythrocytes were labeled with two fluorescent sulfh dyl reagents. The tagged cells were then subjected to simultaneous liposome treatments for either depletion or enrichment of membrane cholesterol content. Cholesterol depletion, which reduces membrane microviscosity, was followed by a series of fluorescence changes all indicating masking of the membrane proteins. Conversely, increasing the membrane microviscosity by cholesterol enrichment resulted in an appreciable increase of the protein exposure to the aqueous surrounding. These findings strongly suggest that membrane proteins may be vertically displaced upon changes in lipid fluidity, a mechanism that may play a significant role in modulation of antigens and receptors in vivo.
It is now widely accepted that the dynamics of membrane proteins play a prime role in most functional characteristics of cells. The main mechanisms whereby the dynamic features of membrane proteins are controlled involve the fluidity of the lipid matrix (1, 2) . Thus, the function of membrane carriers, receptors, and even enzymes (3) (4) (5) (6) can be markedly affected by changes in the lipid microviscosity. This important cooperation between membrane lipids and proteins is not only expressed in the lateral and rotational mobility of the proteins (2) , but also in their degree of exposure to the outer surrounding, as we have recently proposed (7, 8) . Our results have suggested that membrane proteins may be displaced by changing the lipid microviscosity. Upon increasing the microviscosity, some membrane proteins may be squeezed out and become more exposed to the outer domain, whereas decreasing the microviscosity would result in the converse displacement (7, 8) . This type of displacement could be one of the mechanisms by which the expression of cellular receptors and antigens is being modulated (9) . In the following we present experimental evidence for the above hypothesis.
MATERIALS AND METHODS
1,5-Dimethylaminonaphthalene-sulfoethyleneimide (dansylaziridine) was obtained from Pierce Chemicals Inc. N-(1-Anilinonaphthalene-4-)maleimide (ANM) was purchased from Teika-Seiyaky Co. Thin-layer chromatography of these compounds established a purity of over 95% and they were therefore used without further purification. N-Methyl-and N-benzylpyridinium salts were prepared by first quaternizing with methyl iodide or benzyl chloride followed by conversion to the perchlorate derivatives. The pyridinium perchlorates were analytically and chromatographically pure.
Liposomes of egg lecithin (Lipid Products, England) and of lecithin + cholesterol (Sigma CH-S) in phosphate-buffered saline, pH 7.4, were prepared by sonication at 100 W for 0.5 hr at 00 under N2 with a Branson model 160 sonifier. After sonication the dispersions were centrifuged at 22,000 X g for 0.5 hr to sediment undispersed material.
Heparinized human blood samples were collected from normal donors and used within 1 hr after drawing. Erythrocytes were sedimented at 1000 X g and the plasma was removed and kept for further use. The erythrocytes were then washed three times and resuspended in phosphate-buffered saline, pH 7.4. Hemoglobin-free erythrocyte membranes were prepared by the method of Dodge et al. (10) .
Membrane proteins of erythrocytes were labeled by diluting stock solutions of 5 mM dansylaziridine in ethanol or 5 mM ANM in acetone into suspensions of intact erythrocytes (108 cells per ml) to give a final concentration of 10-5 M of the fluorescent reagent. After 5 min incubation at room temperature the cells were sedimented at 1000 X g and washed three times with phosphate-buffered saline, pH 7.4. Cholesterol depletion and enrichment of the fluorescently labeled erythrocytes were achieved using a slight modification of the technique of Cooper et al. (11) . One milliliter of packed cells was introduced into 2 ml of plasma that had been inactivated by heating for 30 min at 560, supplemented with glucose (10 mg/ml), penicillin (500 units/ml), and 1 ml of liposomes of either lecithin (20 mg/ml) alone or lecithin (20 mg/ml) plus cholesterol (20 mg/ml). The mixtures of cells and the liposome-enriched plasma were incubated at 370 for up to 22 hr with constant shaking. The cholesterol/phospholipid ratio of the treated cell membranes was estimated by both osmotic fragility (11) and fluorescence polarization (7) using predetermined calibration curves.
Absorption spectra and optical densities were recorded with a Zeiss spectrophotometer model PMQ3. Corrected fluorescence spectra were measured with a Hitachi-Perkin-Elmer model MPF-3L spectrofluorimeter using excitation and emission slits of 4 and 1 nm, respectively. Fluorescence spectra of membranes were recorded through a horizontally oriented polarizer which reduced the detected scattered excitation by more than 90%. Fluorescence polarization measurements were done with an instrument described elsewhere (12) Excited-state lifetime was measured with a pulse-sampling instrument (13) followed by a deconvolution analysis. Measurements were taken under argon at 250. Absolute emission quantum yields, q, were determined by the method of Parker and Rees (14) using 10-M quinine sulfate in 0.05 M H2SO4 (q = 0.55) as a reference.
RESULTS
Fluorescent labeling of sulfhydryl residues in membranes should, in principle, be selective for proteins, since the amount of nonproteinic mercapto groups in membranes is negligible. After screening most of the fluorescent probes now available for -SH labeling, we have selected dansylaziridine (15) and ANM (16) , which show both high specificity and high reactivity towards cysteines and are adequate for labeling of intact membranes. The 2-mercaptoethanol derivatives of the two probes, 2-MEDA-ethanol and 2-ANSIS-ethanol, were chosen as model compounds in this study. The absorption and polarization spectra in frozen solutions of these compounds are shown in Figs. 2 and 3. The spectra of 2-MEDA-ethanol resemble both in shape and magnitude the analogous spectra of dansylamide (12) .
The emission characteristics of both 2-MEDA-ethanol and 2-ANSIS-ethanol depend markedly on the dielectric constant of the solvent. A proper calibration of the dependence of emission maximum or emission quantum yield on solvent polarity could be thus used for identification of the binding region and estimation of the heterogeneity in the labeled environments (12) . The corrected emission spectra of 2-MEDA-ethanol (10-5 M) were recorded in a series of dioxane-water mixtures at fixed excitation wavelength (335 nm) and instrumental set-up. The emission maximum and the area under the emission band correspond to the emission energy and are both related to the quantum yield. The dependence of these fluorescence characteristics of 2-MEDA-ethanol are shown in Fig. 4 . Analogous measurements were carried out with 2-ANSIS-ethanol (5 X 10-6 M) in dioxane-water mixtures excited at 353 nm. The effect of solvent polarity on the emission spectrum of this compound was predominantly expressed in the ratio of the two emission maxima at 463 nm and 484 nm (see Fig. 3 ). The dependence of this ratio and the relative quantum yield of 2-ANSIS-ethanol on the dielectric constant is shown in Fig. 5 . As shown, at dielectric constants lower than 10 both the fluorescence spectra and quantum yield are highly sensitive to changes in local hydrophobicity and can be therefore very useful for following subtle environmental changes.
Human erythrocyte membranes, which were prepared from intact cells that had been labeled with dansylaziridine or ANM, exhibited high emission intensity. The dansylaziridine-labeled membranes displayed an emission maximum at 510 ± 1 nm and the membranes labeled with ANM displayed an emission maximum ratio of 1 intensity could be detected. When dansylaziridine was replaced by N-(dimethyl)-dansylamide and was incubated at room temperature for 5 min with intact erythrocytes, the membranes were not fluorescently labeled. These findings indicate that under the labeling conditions used in our experiments no dissociation of ANM or nonspecific partitioning of dansylaziridine into the membrane lipid phase occurred, which otherwise could contribute to the measured fluorescence.
Intact erythrocytes labeled with dansylaziridine or ANM were subjected to liposome treatment (see Materials and Methods), resulting in appreciable changes in their membrane cholesterol level. The fluorescence spectra of the dansylaziridine-labeled membranes were found to depend on the cholesterol level. Increasing the cholesterol/phospholipid ratio resulted in a red shift of the emission maximum of up to 8 nm, while a decrease in this ratio resulted in a blue shift of up to 5 nm (see Table 1 ).
The emission maxima ratio recorded with the ANM-labeled membranes was found to be affected by the [2] where Fo and F are the fluorescence intensities in the absence and in the presence of a quencher at a concentration of (Q) and Kq is a constant, as shown in Fig. 6 . This indicates the existence of different fluorophore populations with different availabilities for quenching. Hence, the treatment of Lehrer (21) for collisional quenching in heterogeneous systems was adopted. This Fig. 7 . The mean quenching constant Zi nfjKqj and the factor XinfiKq/ inKq,, which is the upper limit of 2i fi, the fraction of the total fluorescence intensity available for quenching, derived from the plots in Fig. 7 , are summarized in Table 1 . As shown, the fraction of fluorescence intensity available for quenching increases with the cholesterol level of the membrane. A similar trend is exhibited by the mean quenching constant. These results are in accord with the changes in fluorescence spectra with cholesterol level, and strongly support the thesis of vertical displacement of membrane proteins induced by changes in the membrane microviscosity.
Analogous fluorescence 4uenching experiments carried out with dansylaziridine-labeled membranes gave similar Minff values.
In both treated and untreated dansylaziridine-labeled membranes the determined average excited state lifetime was 21 + 0.5 nsec. This excluded the possibility that part of the observed change in quenching efficiency was due to changes in fluorescence lifetime. Though attempts to resolve the static and dynamic contributions to the observed quenching were unsuccessful, it is plausible that the dynamic quenching in our case is the predominant one, as observed for other intermolecular fluorescence quenching in solution (17, 22) .
The degree of fluorescence polarization, P, of the dansylaziridine-conjugated membranes increased with the cholesterol level (see Table 1 ). Generally, fluorescence depolarization of conjugated proteins results from the superimposed rotation of the fluorescent label and the protein bulk (23) . For the dansylaziridine-conjugated membrane proteins, which are a heterogeneous population partially embedded in the lipid layer, resolution of these types of rotation is practically impossible. However, one can assume that during the excited state lifetime of 21 nsec the main contribution to the fluorescence depolarization of the dansylaziridine-labeled membranes arises from the internal rotation of the probe. Thus, the increase in P reflects an overall increase in rigidity of the environment surrounding the MEDA moieties. The P values can be conveniently translated into the microviscosity parameter (ro/r -)-' (7), which in this case can serve as a relative scale of rigidity. The (rO/r 7 1)-1 values change parallel to the microviscosity, which indicates that the free rotations of the MEDA moieties are affected by the microviscosity of the lipid layer (see Table 1 ).
DISCUSSION
The results described above clearly indicate that modification of the cholesterol-to-phospholipid mole ratio of human erythrocyte membranes has a direct effect on the exposure of the membrane proteins to the outer surroundings. Upon increasing this ratio the fluorescence spectra of dansylaziridine and ANM bound to the membrane proteins demonstrate an overall increase in exposure to water, whereas depletion of cholesterol has the converse effect (see Table 1 ). Similar results were obtained by fluorescence quenching experiments. Both the dansylaziridine and ANM residues become more accessible-to quenching by N-benzylpyridinium when the membrane cholesterol-to-phospholipid mole ratio is increased, and vice versa. Thus, the degree of accessibility of the bulk protein population to hydrophilic substances, presented here by water and benzylpyridinium, is modulated by the fluidity of the membrane lipid matrix. This dynamic interrelation between membrane proteins and lipids may have general implications in regulating the interaction of various ligands, i.e., substrates, hormones, or drugs, with their membrane receptors.
The observed changes in lipid-protein interaction affected by changes in lipid microviscosity can, in principle, stem from at least two main physical mechanisms or their combination. The increase in microviscosity reflects a shift in the equilibrium state of the membrane towards an increase in lipid-lipid interaction and a decrease in lipid-protein interaction. Hence, an increase in fluidity will result in a stronger attraction between the phospholipid acyl chains and the hydrophobic side (7), as well as on preliminary data on the availability of membrane tryptophan fluorescence to hydrophilic quenchers (Shinitzky and Rivnay, to be published), we tentatively conclude that the effects described in this study predominantly originate from the vertical displacement of the membrane proteins.
